Glutathione (GSH) is the major low molecular weight thiol in plants with different functions in stress defence and the transport and storage of sulphur. Its synthesis is dependent on the supply of its constituent amino acids cysteine, glutamate, and glycine. GSH is a feedback inhibitor of the sulphate assimilation pathway, the primary source of cysteine synthesis. Sulphate assimilation has been analysed in transgenic poplars (Populus tremulaQP. alba) overexpressing g-glutamylcysteine synthetase, the key enzyme of GSH synthesis, and the results compared with the effects of exogenously added GSH. Although foliar GSH levels were 3±4-fold increased in the transgenic plants, the activities of enzymes of sulphate assimilation, namely ATP sulphurylase, adenosine 5¢-phosphosulphate reductase (APR), sulphite reductase, serine acetyltransferase, and O-acetylserine (thiol)lyase were not affected in three transgenic lines compared with the wild type. Also the mRNA levels of these enzymes were not altered by the increased GSH levels. By contrast, an increase in GSH content due to exogenously supplied GSH resulted in a strong reduction in APR activity and mRNA accumulation. This feedback regulation was reverted by simultaneous addition of O-acetylserine (OAS). However, OAS measurements revealed that OAS cannot be the only signal responsible for the lack of feedback regulation of APR by GSH in the transgenic poplars.
Introduction
The majority of the essential element, sulphur, in living organisms is in the reduced form of organic thiols, such as the amino acids cysteine and methionine. Plants, yeast, and bacteria are primary producers of these organic thiols since they are able to reduce sulphate, the major form of sulphur in nature, to sulphide and incorporate it in an activated amino acid acceptor to build cysteine or homocysteine (Brunold, 1990; Leustek et al., 2000) . The ®rst enzyme involved in this pathway of assimilatory sulphate reduction ( Fig. 1) is ATP sulphurylase (ATPS) which catalyses the activation of sulphate by ATP to adenosine 5¢-phosphosulphate (APS). In plants and the majority of bacteria, APS is reduced to sulphite by APS reductase (APR) Kopriva et al., 2002) , whereas in fungi and some enteric bacteria APS must be phosphorylated to phosphoadenosine 5¢-phosphosulphate and only this compound can be reduced to sulphite (Jones-Mortimer, 1973; Marzluf, 1996) . Sulphite is further reduced by sulphite reductase (SIR). The resulting sulphide is used for cysteine biosynthesis by O-acetylserine (thiol)lyase (OASTL) using O-acetylserine, which is synthesized from serine by serine acetyltransferase (SAT). Cysteine can be used directly for protein synthesis, further metabolized to methionine, or serve as a sulphur donor for the synthesis of coenzymes (thiamine, CoenzymeA, molybdopterine) and glutathione (g-glutamyl-cysteinyl-glycine, GSH). GSH is the most abundant low molecular weight thiol in plants and plays an important role in the defence against various biotic and abiotic stress conditions and in redox buffering of the cell (Noctor et al., 1998a; May et al., 1998) . Moreover, GSH is, beside S-methylmethionine, the main storage and transport form of reduced sulphur and is involved in the regulation of sulphate assimilation (Foyer and Rennenberg, 2000) .
GSH is synthesized in the cytosol and in plastids of plant cells from its constituent amino acids via the consecutive action of g-glutamylcysteine synthetase (g-ECS), synthesizing g-glutamylcysteine (g-EC) from glutamate and cysteine, and glutathione synthetase (GSHS), adding glycine to the C-terminal end of g-EC (Foyer and Rennenberg, 2000) . At the cellular level, glutathione biosynthesis is limited by the availability of cysteine (Strohm et al., 1995; Noctor et al., 1996) , which itself is dependent on the supply of both reduced sulphur and carbon precursor (Blaszczyk et al., 1999; Harms et al., 2000) . Furthermore, GSH synthesis is regulated by the activity of g-ECS which, in vitro, is frequently feedbackinhibited by glutathione (Hell and Bergmann, 1990; Schneider and Bergmann, 1995; Strohm et al., 1995) . Indeed, overexpression of g-ECS, but not GSHS, in hybrid poplars (Populus tremulaQP.alba) led to an approximately 3-fold increase in foliar GSH concentrations compared with wild-type plants, but did not affect cysteine levels (Noctor et al., 1996; Arisi et al., 1997) . The increased GSH synthesis is independent from localization of the overexpressed protein in the chloroplast or the cytosol; all these transgenic plants share similar basic metabolism, biochemistry, and physiology with wild-type poplars Noctor et al., 1998b) .
Key points of regulation of assimilatory sulphate reduction by GSH are the enzymes ATPS and APR. In experiments with Brassica napus and Arabidopsis thaliana low GSH levels in the phloem due to sulphur deprivation correlated with increased ATPS activities and mRNA levels (Lappartient and Touraine, 1996; Lappartient et al., 1999) . Supplying external cysteine or GSH inhibited ATPS activity and mRNA accumulation. Buthionine sulphoximine (BSO), an inhibitor of g-ECS (Fig. 1) , reversed the inhibitory effect of cysteine on ATPS leading to the conclusion that GSH and not cysteine is responsible for the regulation of ATPS in response to sulphur availability. On the other hand, Bolchi et al. (1999) showed that cysteine was able to down-regulate the ATPS transcript level when supplied to sulphur-de®cient Zea mays seedlings under conditions when GSH synthesis was blocked with BSO. However, different authors found APR more susceptible to a range of regulatory signals than ATPS (Lee and Leustek, 1999; Koprivova et al., 2000; Westerman et al., 2001) . Signi®cantly, H 2 S fumigation of Brassica oleracea led to an increase in cysteine and GSH levels in the shoot, accompanied by a decrease in APR but not in ATPS activity (Westerman et al., 2001) . Indeed, externally applied cysteine and GSH to Arabidopsis root cultures decreased APR mRNA, protein, and activity while ATP sulphurylase was much less affected by the treatments. Flux control analysis revealed that APR possess more than 50% control over sulphate assimilation (Vauclare et al., 2002) . When BSO was added simultaneously, cysteine had no effect on APR activity, whereas GSH decreased APR mRNA, indicating that also in Arabidopsis GSH and not cysteine is the regulatory substance of the sulphate assimilation pathway (Vauclare et al., 2002) .
Investigations with transgenic poplar lines overexpressing g-ECS in the cytosol, aimed at comparing the effects of increased internal GSH synthesis and externally supplied GSH on sulphate assimilation, are reported here.
Materials and methods

Plant material
Experiments were performed with young wild-type and transformed hybrid poplars (Populus tremulaQP.alba, INRA clone 717 1B4) overexpressing the bacterial gene for g-ECS in the cytosol (lines ggs5, ggs11, ggs28: Noctor et al., 1996; Arisi et al., 1997) . The plants were micropropagated in vitro as previously described (Strohm et al., 1995) and transferred to pots with moistened balls (2±6 mm in diameter) of burned clay (Leca Ton, Leca, Lamstedt, Germany). They were further grown in the greenhouse with a 16/8 h Analysis of low molecular weight thiols Low molecular weight thiols were analysed in leaf and root extracts as described before . About 30 mg frozen powder was transferred into precooled (4°C) vials containing 750 ml 0.1 M HCl and 50 mg insoluble PVPP and were subsequently centrifuged for 10 min at 12 000 g and 4°C. 120 ml aliquots of the supernatants were adjusted to pH 8.3T0.2 with 180 ml 200 mM CHES pH 9.3. Oxidized thiols were reduced by adding 30 ml 15 mM DTT for 60 min. Derivatization was performed with 45 ml 30 mM monobromobimane (Thiolyte â MB, Calbiochem, Bad Soden, Germany) for 15 min at room temperature and subsequently the bimane derivatives were stabilized with 240 ml 10% acetic acid (v/v). Bimane derivatives were separated and quanti®ed by¯uores-cence detection as described by Schupp and Rennenberg (1988) . Peaks were identi®ed and quanti®ed using a standard solution containing 0.1 mM Cys, 0.1 mM g-EC, and 1 mM GSH in 0.1 M HCl.
Enzyme assays
Activities of ATP sulphurylase, APS reductase, sulphite reductase, and O-acetylserine(thiol)lyase were measured in the tenth leaf from the apex in transgenic and wild-type poplars. For determination of serine acetyltransferase leaves 9±11 from the apex were pooled. All leaf samples were taken between 08.00 h and 10.00 h. Extraction of enzymes, enzyme assays, and protein determination were carried out as described previously (Hartmann et al., 2000) .
ATPS activity was measured using the luciferin±luciferase system to quantify the ATP produced (Schmutz and Brunold, 1982) . The reaction vial contained 20 ml 0.1 mM APS, 100 ml luciferin± luciferase mixture, 5 ml 1:20 diluted extract, and 100 ml 165 mM PP i . The initial rate of ATP production was followed for 30 s with a luminometer (Lumat LB 9501, Berthold, Germany).
APR activity in extracts was measured as the production of [ 35 S]sulphite, assayed as acid volatile radioactivity formed in the presence of 75 mM [ 35 S]APS (15±30 kBq mmol ±1 ) and 4 mM DTE (Brunold and Suter, 1990) .
SIR activity was measured by coupling the production of sulphide with synthesis of cysteine by OASTL present in the extracts in excess (von Arb and Brunold, 1983) . The enzyme assay contained 0.18 M Tricine±NaOH pH 7.4, 0.7 mM methyl viologene, 6 mM OAS pH 6.0, and 6 mM sodium dithionite (dissolved in 150 mM NaHCO 3 ) in a volume of 1 ml. The cysteine formed was derivatized with monobromobimane, detected, and quanti®ed by HPLC analysis.
OASTL activity was measured in an assay mixture containing 0.2 M TRIS-HCl pH 7.5, 10 mM DTE, 8 mM OAS, and 8 mM Na 2 S. After 10 min at 30°C the cysteine produced was determined photometrically at 546 nm as a red ninhydrin complex.
Measurement of SAT activity was performed by a coupled assay, using the excess OASTL present in the protein extract instead of addition of puri®ed enzyme (Nakamura et al., 1987) . The reaction mixture (200 ml) contained 140 ml leaf extract (corresponding to c. 1 mg protein), 75 mM TRIS pH 8.0, 0.5 mM DTT, 10 mM serine, 2.5 mM Na 2 S, and 1 mM acetyl-CoA. Reactions were started by the addition of acetyl-CoA and the samples were incubated at 30°C for 20 min. The cysteine produced was detected and quanti®ed by HPLC analysis as described above.
cDNA cloning
The cDNA clones for ATPS (GenBank accession number AY353090), APR (AY353089), and cytosolic isoforms of OASTL (AY353092) and SAT (AY353091), were obtained by screening a cDNA library from poplar leaf RNA, constructed in Lambda ZAP phages with the ZAP-cDNA synthesis kit (Stratagene, Amsterdam, The Netherlands) with corresponding cDNA clones from Arabidopsis. SIR (AY353094) and tubulin (AY353093) cDNAs were obtained by RT-PCR ampli®cation of total RNA from poplar leaves with oligonucleotide primers derived from conserved domains. The ATPS cDNA probe, corresponding to accession number U05218, was derived from Arabidopsis total RNA by RT-PCR ampli®cation. The identity of the cDNA fragments was veri®ed by sequencing. Cytosolic isoforms of SAT and OASTL were chosen for the expression analysis because, in these transgenic poplars, the cytosolic GSH pool was increased (Hartmann et al., 2003) .
RNA blot analysis
The tenth leaves from the top of poplar plants were pulverized in a mortar and pestle in liquid nitrogen. Total RNA was isolated from ®ve poplars per treatment with the RNeasy â extraction kit (Plant Mini Kit, Quiagen, Hilden, Germany) according to the manufacturer's instruction. Electrophoresis of RNA was performed on 1% formaldehyde±agarose gels at 120 V. RNA was transferred onto Hybond-N and hybridized with 32 P-labelled cDNA probes. The membranes were washed three times at different concentrations of SSC in 0.1% SDS for 20 min, the ®nal washing step being 1Q SSC, 0.1% SDS at 65°C for 1 h, and exposed to an X-ray ®lm (Kodak BioMax MS, Integra Biosciences, Fernwald, Germany) for 1±3 d. The autoradiograms were quanti®ed with a densitometer GS-670 (BioRad, Munich, Germany) using the software Molecular Analyst (BioRad) and Adobe Photoshop TM .
Determination of O-acetylserine (OAS) 100 mg tissue material was ground in liquid nitrogen to a ®ne powder and extracted with 1 ml 0.1 M HCl for 15 min at 4°C while shaking. Homogenates were centrifuged twice at 15 400 g, 4°C for 5 min. The resulting supernatants were used for further analysis. Determination of OAS was based upon derivatization with thē uorescence dye AccQ-Tag (Waters, USA). An appropriate volume of supernatant (5±20 ml) was derivatized according to the manufacturer (Manual WAT052874TP). The resulting OAS derivative was separated form other amino acid derivatives by reverse phase HPLC as described in Rolletschek et al. (2002) , with the exception that the pH of buffer A was optimized to pH 6.3. Data acquisition and processing was performed with Millenium32 software (Waters, USA). Recovery rates for OAS were higher than 90% in all tested tissues as determined by spiking of samples with internal standards. All samples were analysed in triplicate.
Statistical analysis
Statistical analysis was performed using the Tukey Test (P`0.05) or T-test (P`0.05) with SPSS for Windows, Release 9.0.
Results
Effect of enhanced GSH synthesis on sulphate assimilation in transgenic poplar
The effect of enhanced GSH synthesis on the sulphate assimilation pathway was investigated using transgenic poplars overexpressing g-glutamylcysteine synthetase in the cytosol (Noctor et al., 1996; Arisi et al., 1997) . Enzymatic activities and mRNA levels of ATPS, APR, SIR, OASTL, and SAT were measured in the tenth leaves of transgenic lines ggs5, ggs11, and ggs28 (Fig. 2) . All investigated plant lines have about 2±3-times higher foliar GSH concentration than the wild-type plants, whereas cysteine levels are only slightly enhanced . As shown in Fig. 2 , the higher thiol contents did not affect the enzyme activities of APR, SIR, OASTL, or SAT; ATPS was increased in two transgenic lines. Steady-state mRNA levels for APR and SIR were not affected in any line. The mRNA level of the cytosolic isoform of OASTL was reduced in line ggs5, but comparable to the wild type in the other lines, whereas the transcript level of cytosolic SAT slightly increased in ggs11 and ggs28, but were not affected in ggs5. The increased activity of ATPS was not accompanied by a corresponding increase in mRNA levels.
In addition, roots of the transgenic lines ggs5 and ggs28 contained GSH concentrations 2-fold higher than wildtype roots (Fig. 3A) . Cysteine and g-EC contents did not differ between the transgenic and wild-type roots. As already shown for leaves, APR mRNA was accumulated in roots to the same level in the wild type and both transgenic lines and was not affected by the increased GSH concentration (Fig. 3B) .
Effect of exogenously applied GSH or BSO on sulphate assimilation in wild-type poplar Since the well-described feedback inhibition of ATPS and APR by an increased concentration of GSH was not observed in the experiments with transgenic poplars (Fig. 2, 3), it was tested whether an increased GSH content by exogenously applied GSH or its decrease by inhibition of g-ECS with BSO (Grif®th, 1982) affects the mRNA level and activity of APR. APR was chosen for these experiments since Vauclare et al. (2002) showed that APR possess a more than 50% control over the¯ux through the Fig. 2 . Transcript levels and activities of enzymes involved in assimilatory sulphate reduction in leaves of poplar trees overexpressing g-ECS in the cytosol. Total RNA (5 mg) was isolated from the tenth leaf from the apex of transgenic and wild-type poplar plants, separated on 1% agarose in the presence of formaldehyde, blotted onto Hybond-N nylon membrane, and hybridized with 32 Plabelled cDNA fragments of ATP sulphurylase (A), APS reductase (C), sulphite reductase (E), O-acetylserine(thiol)lyase (G), and serine acetyltransferase (I). The transcript levels were normalized to the expression of b-tubulin; the mRNA levels in wild-type plants were set to 1. Data shown are means TSD of at least three plants. In vitro activities of ATP sulphurylase (B), APS reductase (D), sulphite reductase (F), O-acetylserine(thiol)lyase (H), and serine acetyltransferase (J) were measured in extracts of the tenth leaves from apex of transgenic and wild-type poplars as described in Materials and methods. Data shown are means TSD of ®ve (B), six (J) or seven (D, F, H) extracts from independent poplar trees measured in triplicate. Fig. 3 . Thiol contents and APR transcript levels in ®ne roots of poplar trees overexpressing g-ECS in the cytosol. (A) Contents of cysteine (white bars, right axis) and GSH (black bars, left axis) were measured uorometrically following reduction by DTT, derivatization with monobromobimane, and separation by reversed-phase HPLC. Mean values TSD of ®ve independent plants are presented. The asterisks show signi®cant differences to the wild-type plants at P`0.05. (B) APR transcript levels. Total RNA (5 mg) isolated from the roots, was separated on 1% agarose in the presence of formaldehyde, blotted onto Hybond-N nylon membrane, and hybridized with 32 P-labelled APR cDNA fragment. The transcript levels were normalized to the expression of b-tubulin; the mRNA levels in wild-type plants was set to 1. Data shown are means TSD of three plants.
sulphate assimilation pathway. Preliminary experiments revealed that, in the leaves, the effects of GSH and BSO feeding via the roots are much smaller than in the roots, therefore further experiments were performed with the roots. Figure 4 illustrates the effects of the addition of 1 mM GSH or 1 mM BSO to the roots of wild-type poplars for 3 d. Feeding of exogenous GSH increased the GSH contents in the roots approximately 2-fold and also led to a 5-fold increase in cysteine contents (Fig. 4A) . This resulted in a 50% decrease in APR activity and mRNA accumulation (Fig. 4B, C, D) . The addition of BSO strongly decreased GSH levels in the roots by about 95% and also led to about a 2-fold increase in cysteine. The decrease in GSH content resulted in a big increase in APR transcript abundance (Fig. 4C, D) . The changes in mRNA levels were accompanied by an approximately 4-fold increase in APR activity (Fig. 4B) . These results also show, that in poplars, APR is regulated by GSH at the transcriptional level.
OAS attenuates the feedback inhibition of APR by GSH The simplest explanation for the contradictory results presented in Figs 3 and 4 is that, in the transgenic plants, feedback regulation of APR by GSH was overcome by another signal. O-acetylserine (OAS), a substrate for Cys synthesis, is known to regulate sulphate uptake and APR positively and, thus, would be a good candidate for such a signal. Therefore, OAS was measured in leaves and roots of wild-type and transgenic poplars and in poplars treated with GSH. OAS levels were increased 2-fold in the leaves of the transgenic line ggs5 and slightly, but not signi®-cantly, increased in lines ggs11 and ggs28 compared with wild-type levels ( Table 1) . Roots of the line ggs5 contained lower OAS levels compared with the wild type, whereas in the other two lines OAS contents were not signi®cantly affected.
In addition, wild-type poplar roots were treated with GSH and OAS alone or in combination for 72 h. These treatments doubled the concentration of GSH and elevated OAS levels 5±8-fold (Fig. 5A, B) . Cysteine contents were increased 6±7-fold by all three treatments. APR activity was not signi®cantly altered by the different treatments (Fig. 5C ). As expected, the APR mRNA level was increased 4-fold by OAS treatment and decreased by 50% upon addition of GSH (Fig. 5D ). Simultaneous addition of OAS and GSH resulted in APR mRNA levels between those of controls and treatments with OAS alone. However, since the roots of transgenic poplars have no feedback inhibition of APR despite high GSH concentration and constant OAS and OAS levels were not affected by the GSH treatment, OAS cannot be the only signal to overcome the feedback inhibition of APR by GSH.
Discussion
Poplars overexpressing bacterial genes for g-ECS and GSHS in the cytosol or in the chloroplast are the best characterized plants with manipulated GSH content. These plants have contributed signi®cantly to the understanding of the regulation of GSH synthesis by its constituent amino acids (Strohm et al., 1995; Noctor et al., 1996 Noctor et al., , 1997 Noctor et al., , 1998b . Due to the increased GSH concentration in the plants overexpressing g-ECS (Noctor et al., 1996 Arisi et al., 1997) an additional sink for reduced sulphur was formed. However, the effects of enhanced demand for cysteine on sulphate assimilation have not been addressed in previous reports. Therefore, the enzyme activities and steady-state mRNA levels of enzymes involved in sulphate assimilation in poplars of wild type and those overexpressing the g-ECS in the cytosol (Noctor et al., 1996; Arisi et al., 1997) were compared. As demonstrated in Fig. 2 , neither the activities nor the mRNA levels of enzymes of the sulphate assimilation pathway were affected in the leaves of the transgenic poplars. This result shows that the capacity of sulphate reduction in poplars is suf®cient to increase cysteine biosynthesis to the extent necessary to accommodate enhanced GSH synthesis.
On the other hand, it was expected that the increased GSH level might feedback±regulate ATPS and APR, as described for several herbaceous plant species (Lappartient et al., 1999; Vauclare et al., 2002) . Inhibition of ATPS by thiols is mediated by GSH in Brassica (Lappartient et al., 1999) ; however, in maize, the mechanism is different and the molecular signal is most probably cysteine (Bolchi et al., 1999) . Poplar, as a tree species with a long life span and different needs for the regulation of nutrient supply than the faster growing herbaceous plants, might easily possess different regulatory elements (Herschbach, 2003) and lack this kind of feedback regulation at all. It is, therefore, signi®cant that exogenous feeding of GSH to the roots caused the APR activity and mRNA accumulation to decrease (Fig. 4) . Thus, in poplar as well, GSH can exert feedback regulation on APR and modulate the¯ux through the sulphate reduction pathway as described in the model of demand-driven control of sulphate assimilation (Lappartient and Touraine, 1996; Lappartient et al., 1999) .
Why then were APR and ATPS not down-regulated by even higher GSH concentration in the transgenic poplar lines? The poplar lines used in the study are primary transformants continuously propagated in vitro. One could hypothesize that the plants adapted to the increased GSH levels. Such adaptation would be possible only by mutation in the promoter region of APR. However, the probability that such mutation would occur in three independent lines is extremely low. Also the subcellular compartmentation of GSH most probably cannot explain the contradictory results. In poplars overexpressing g-ECS in the cytosol, the increase in total GSH could be ascribed to the increase in the cytosolic GSH pool (Hartmann et al., 2003) ; exogenous feeding with GSH would, primarily, increase cytosolic GSH levels.
The simplest explanation for the contradictory data would be the action of a second signal that positively in¯uences APR mRNA accumulation and activity and overrules the negative signal of GSH. A good candidate for such a signal is OAS. OAS accumulates during sulphur starvation and was thus proposed to act as a signal of the sulphur status in seeds (Kim et al., 1999) . APR activity was induced in Lemna minor by feeding OAS both in the light and in the dark (Neuenschwander et al., 1991) . The addition of OAS to nitrogen-deprived Arabidopsis led to an increase in mRNA levels for APR, SIR, OASTL, and SAT-A and to higher incorporation of 35 So 4 2± into thiols and proteins (Koprivova et al., 2000) . Increased synthesis of OAS due to overexpression of SAT resulted in increased cysteine and glutathione synthesis (Blaszczyk et al., 1999; Harms et al., 2000) . Most importantly, OAS de-repressed sulphate transport and accumulation of mRNA for sulphate transporters and, therefore, overrode a negative transcriptional control of the sulphate transporter (Smith et al., 1997) . Indeed, simultaneous feeding of GSH and OAS abolished the feedback regulation of APR by GSH and resulted in APR mRNA levels higher than in control plants (Fig. 5) . Accordingly, OAS levels were increased in leaves of the transgenic line ggs5 and slightly, but not signi®-cantly, elevated in ggs11 and ggs28 (Table 1) . These increased OAS contents might re¯ect sulphur depletion caused by the increased GSH synthesis. However, Herschbach et al. showed that, in the line ggs28, the sulphate contents in leaves and roots and sulphate uptake by the roots did not differ from the wild-type plants and, thus, there is no indication of sulphur de®ciency causing the increase in OAS content. On the other hand, OAS contents in the roots of transgenic lines, did not follow an identical pattern. While in the ggs5 line the OAS level was lower than in wild-type plants, in ggs11 and ggs28 plants the OAS concentration was not different from the wild type; nevertheless, the APR activity and mRNA level were not reduced by a highly elevated GSH content (Fig. 3) . Thus, although OAS contents increased above physiological levels prevented feedback regulation of APR by GSH, OAS cannot be the only molecular signal in transgenic poplars responsible for maintaining normal APR mRNA levels at elevated GSH concentrations.
Apparently, poplars are able to distinguish between GSH synthesized in the cell and GSH transported from outside. In analogy to sugar-sensing by hexokinase, a signalling sucrose transporter, and hexose-transport-associated sensor (reviewed in Smeekens and Rook, 1997) two hypotheses may be formed. Firstly, similar to hexokinase, in addition to catalytic activity g-ECS initiates a signalling cascade that activates sulphate assimilation and/or prevents feedback inhibition by GSH. When GSH levels are high enough to inhibit g-ECS (Hell and Bergmann, 1990) , the positive signal disappears and the feedback regulation by GSH takes place. This hypothesis is unlikely since the enzyme overexpressed in poplars is of bacterial origin and its structure is completely different from its plant counterpart (May et al., 1998) , so that such a mechanism would have to be extremely well conserved evolutionarily. In the second hypothesis, GSH transport across the plasma membrane is a possible mechanism of the feedback regulation of sulphate assimilation by GSH. The postulation of a signalling GSH transporter, similar to signalling hexose and sucrose transporters in sugar sensing (reviewed in Smeekens and Rook, 1997) , would explain why APR was down-regulated only by exogenously added GSH and not in the transgenic poplars. Such a mechanism would also be consistent with GSH transported from the leaves to the roots via phloem acting as a signal of the sulphur status (Lappartient and Touraine, 1996; Herschbach et al., 2000) . This hypothesis is compatible with all the data presented in this report, taking into account the previous discussion of OAS as a positive signal in APR regulation. However, this hypothesis does not explain the inhibition of sulphate uptake and assimilation by feeding cysteine, which must be metabolized to GSH for this regulation (Lappartient and Touraine, 1996; Vauclare et al., 2002) . Clearly, these data demonstrate that knowledge on the regulation of sulphate assimilation is still partial. The exact nature of the molecular mechanisms of the regulation of APR and other enzymes of sulphate assimilation remains to be elucidated. 
